One hundred forty patients were recruited into the study. The study design was approved by the local Ethics Committee, and all enrolled patients gave their written consent at the beginning Abstract Background: The purpose of this study is to reveal the participation of different regulatory cytokines within the process of pseudoexfoliation (PEX). Methods: Our study included 140 patients referred to cataract surgery with early and late stage of pseudoexfoliation syndrome (XFS) or pseudoexfoliation glaucoma (XFG). Humor and serum levels of cytokines: transforming growth factor beta (TGF-β), platelet-derived growth factor (PDGF), epidermal growth factor (EGF), insulin-like growth factor (IGF), IL-8 and interferon-inducible T cell alpha chemoattractant (ITAC) were measured in a sample using high sensitivity enzyme-linked immunoabsorbent assay (ELISA) kit. Results: Our results indicate that profibrotic action induced by increasing TGF-β and PDGF locally activates fibrous tissue production in the early XFS with a prolonged effect of PDGF (late XFS) and finally (XFG stage) it is dominantly controlled by EGF and IGF. ITAC overrides angiogenetic effects of IL-8 in XFG. Conclusion: Based on our findings, local chronic inflammation in the eye is accompanied by the secretion of different profibrotic cytokines (TGF-β, PDGF, EGF, IGF, IL-8) without angiogenesis due to effects of ITAC.
INTRODUCTION
Pseudoexfoliation syndrome (XFS) is a genetically determined generalized disease of the extracellular matrix leading to a progressive deposition of abnormal fibrillar material in various intraocular and extraocular tissues including trabecular meshwork. 1 Evidence increasingly suggests that cellular stress conditions, such as oxidative stress and ischemia/hypoxia, constitute major mechanisms involved in the pathophysiology of fibrotic process in XFS. Oxidative stress changes local conditions, leading to the activation of local inflammation. It is believed that chronic exposure to oxidative stress factors leads to their cumulative effect which cannot be stopped resulting in permanent changes in tissues. 2 Products of oxidation stress cause changes in the function of the endothelium of blood vessels, and consequently tissue inflammation. 3 Chronic inflammation triggers the synthesis of profibrotic cytokine initiating a complex activation process of other regulatory (profibrotic, angiogenic, anti-angiogenesis) cytokine synthesis in tissues. The final product of the entire process is the synthesis of mutually connected fibrous fibers and the creation of XFS. Fibrous tissue production is the consequence of the earlier stage. 4 Regulatory cytokines participate in a compound process of fibrous fibres production and accumulation in the tissue. 4 Despite the fact that oxidative stress parameters are elevated in aqueous humor and that angiogenetic factors are present (vascular endothelial growth factor [VEGF], fibroblast growth factor [FGF], transforming growth factor beta [TGF-β], platelet-derived growth factor [PDGF], angiopoietin 1 [Ang-1], and IL-8), there is no relevant research on vasculogenesis and angiogenesis in the anterior segment of the eye. 5, 6 The purpose of this study is to indicate the significance of different regulatory cytokine actions in stress conditions, as well as to reveal their roles in different stadiums of pseudoexfoliation (PEX) production and in the accumulation process. The mechanism of the development of XFS via cytokine formation will provide new therapeutic insights for the treatment.
of the study. All study patients were referred to the Clinic for Ophthalmology (Clinical Center Kragujevac, Kragujevac, Serbia) for cataract surgery.
All patients underwent a complete ophthalmic examination including visual acuity, intraocular pressure (IOP) measurement, slit lamp and fundus examination, gonioscopio and perimetric examination for glaucomatous patients. A detailed slit lamp examination was performed for each individual in mydriasis with the aim of examining the signs of XFS. We divided all patients into four age-matched groups according to PEX deposits and IOP levels: early stage of XFS (I group, n = 35), late stage of XFS (II group, n = 35), pseudoexfoliation glaucoma (XFG) (III group, n = 35), and control group (IV group, n = 35) without PEX deposition. The first group with early XFS had diffuse precipitation of PEX material on the anterior lens capsule and/ or on the pupillary margin, mild pigment liberation after pupillary dilation with deposition on iris, lens and chamber angle, discreet pupillary ruff atrophy, and slightly reduced mydriasis. Late stages of XFG were described by massive PEX material deposits on pupillary margin and/or lens revealing the "ring" imprint on the anterior lens capsule, hard pigment deposition on the structures of the anterior segment (including chamber angle), extensive pupillary ruff atrophy, and intensive restricted mydriasis. The group of patients with XFG involved individuals with elevated IOP (>20 mmHg), an open chamber angle with PEX, characteristic glaucomatous visual field defects and glaucomatous changes of the nervous optic head with the presence of PEX material deposits in the anterior segment of the eye. Patients with a history of previous trauma, intraocular inflammation, diabetes mellitus, myopia, earlier laser photocoagulation, cryotherapy, or intraocular surgery were excluded from the study.
Collecting aqueous humor and serum
Aqueous humor samples were collected during paracenthesis and serum samples were collected from patients before the cataract surgery. The samples were immediately frozen in liquid nitrogen and stored at −80°C until final examination.
Enzyme-linked immunosorbent assay
Sera (undiluted) and aqueous humor (diluted 1/10) were collected by single needle stick from cubital vein and from the anterior chamber of the eye from selected patients and stored at −80°C until thawed for assay. Serum and humor levels of cytokines were measured in a sample with high sensitivity enzyme-linked immunoabsorbent assay (ELISA) kit (R&D Systems, Minneapolis, MN, USA) specific for human cytokines. Labeling procedure was conducted according to R&D Systems instructions manual. All measurements were performed in triplicate.
Statistical analysis
The unpaired ANOVA test and Mann-Whitney test were performed using SPSS 19.0 statistical software package (SPSS Inc., Chicago, IL, USA). The results were expressed as the Mean ± SE. All p values were 1-sided and a p value <0.05 was considered statistically significant (significance levels as indicated in figure legends). Exact p values and the number (n) of patients are given in the Results section and Figure legends of the respective study.
RESULTS
The main purpose of our study was to investigate the role of selected cytokines in the complex process of PEX production. According to their role in the process of PEX production these cytokines were divided into three groups: profibrotic (TGF-β, PDGF, EGF, and IGF), angiogenetic (IL-8), and antiangiogenetic cytokines (ITAC).
The measurements of regulatory cytokines in the aqueous humor indicated statistically significant increased levels (p < 0.05) of TGF-β in the early stage of XFS (3346.89 ± 95.53 pg/mL) in comparison to patients with developed XFG (3123.86 ± 96.29 pg/mL), the late stage of XFS (3054.63 ± 109.37 pg/ mL), and the control group (3134.83 ± 73.01 pg/mL). Levels of PDGF were statistically significantly elevated in patients with the early (395.16 ± 20.21 pg/mL) and late stage (395.61 ± 19.92 pg/mL) of XFS in comparison to patients with XFG (323.34 ± 11.48 pg/mL), p<0.001; and the control group (350.95 ± 5.84 pg/mL), p < 0.05. Thus, EGF level was enhanced in patients with XFG (24.44 ± 4.67 pg/mL) with statistically significant difference (p < 0.001) in comparison to patients with the early (3.78 ± 2.27 pg/mL) and late stage of XFS (7.12 ± 3.56 pg/mL) and the control group (2.38 ± 1.2 pg/mL). In the aqueous humor of the patients with XFS (early and late stage), IGF was not detected, and there is a statistically significant level (p < 0.001) of this regulatory cytokine in the control group (152.88 ± 15.18 pg/mL) in comparison to its level (1.88 ± 1.38 pg/mL) in XFG group (Fig. 1A) .
The serum level of TGF-β was statistically significantly (p < 0.001) higher in the early stage of XFS (776.19 ± 117.93 pg/ mL) than its level in the late stage of XFS (63.95 ± 34.0 pg/mL) or XFG (78.47 ± 48.50 pg/mL) or the control group without detected TGF-β. The level of PDGF in XFG patients (988.69 ± 60.59 pg/mL) was statistically significantly lower (p < 0.05) than its level in the late stage of XFS (1422.05 ± 57.33 pg/mL), but with no statistically significant differences between the early stage of XFS (1216.18 ± 57.42 pg/mL) and the control group (1312.37 ± 47.67 pg/mL). Our results indicated statistically significant (p < 0.05) decrease in the level of EGF in XFG (43.89 ± 7.94 pg/mL) in comparison to the late stage of XFS patients (72.74 ± 15.67 pg/mL), but without statistically significant differences (p > 0.05) in comparison to the early stage (49.81 ± 10.96 pg/mL) of XFS and the control group (58.68 ± 8.63 pg/ mL). We found that the level of IGF was statistically significantly increased in XFG patients (160.96 ± 21.48 pg/mL) in comparison to the early (99.86 ± 18.65 pg/mL; p < 0.05) and late stage (33.31 ± 9.23 pg/mL; p < 0.001) XFS patients, and no statistically significant differences (p > 0.05) with the control group (113.23 ± 22.61 pg/mL) ( Fig. 1B) .
Patients with XFG showed statistically significant (p < 0.05) increased level of IL-8 (1132.57 ± 78.56 pg/mL) in comparison to patients with the early stage (667.24 ± 87.67 pg/mL) of XFS and control group patients (666.95 ± 78.49 pg/mL), but without statistically significant differences (p > 0.05) with patients of the late stage of XFS group (785.14 ± 59.43 pg/mL) ( Fig. 2A) . The aqueous humor levels of ITAC were statistically significantly (p < 0.05) increased in XFG (418.93 ± 22.67 pg/mL) in comparison to patients from early XFS (362.46 ± 28.5 pg/mL) and the control group (351.97 ± 18.34 pg/mL) ( Fig. 2A) .
Serum levels of IL-8 were not detected in the group of early stage XFS patients, and it was statistically significantly (p < 0.001) increased in patients with the late stage (10.91 ± 1.29 pg/mL) of XFS, XFG (10.35 ± 1.45 pg/mL); but not in the control group (0.56 ± 0.14 pg/mL). Chemokine ITAC levels showed statistically significant (p < 0.001) increase in XFG patients (76.01 ± 6.26 pg/mL) in comparison to patients from the early (5.98 ± 0.98 pg/mL) and late stage (8.43 ± 3.45 pg/mL) of XFS and the control group (7.39 ± 2.13 pg/mL) (Fig. 2B) .
In the group of regulatory cytokines (Fig. 3) , we found a strong positive correlation (r = 0.839, p < 0.001) between the serum levels of IGF in patients with developed XFG and patients with the early stage of XFS (Fig. 3A) . We also established strong positive correlations (r = 0.718, p < 0.001) between serum and aqueous humor levels of ITAC in patients with XFG ( Fig. 3B ). Additionally, we established a strong positive correlation (r = 0.859, p < 0.001) between EGF levels at serum samples of patients with the early stage of XFS and IGF serum levels of patients with XFG ( Fig. 3C ). Serum levels of TGF-β of patients with XFG were in a strong positive correlation (r = 0.865, p < 0.001) with serum levels of PDGF in patients with XFG ( Fig. 3D ).
DISCUSSION
Ophthalmologists made PEX manifestation gradual scale from XFS to XFG according to PEX deposits, IOP levels, and optic head glaucomatous changes. 1 Based on three stages of fibrosis process, we can make a presumption of the cytokine profile in the PEX production process. 4 Earlier studies indicated important roles of some cytokines in this process. 5, 6 In the first phase local tissues of the eye react to the ultraviolet radiation, infection, oxidative stress, etc. 2, 7 PEX is in tight connection with older population, so alternated local hypoxic conditions trigger this compound process. 8 Also, inflammation in the tissue is the initial step in the process of the PEX production in the eye. 5 Local inflammation, provoked by aging and disturbed oxidative stress, continues consequently with fibrous tissue production. Some other studies indicated that the inflammation is one of the important phases in the process of the PEX production. 5, 9 Our study indicated very important roles of some regulatory cytokines in PEX production as in fibrosis process. We divided regulatory cytokines according to their roles: profibrotic (TGF-β, PDGF, EGF, and IGF), angiogenetic (IL-8), and antiangiogenetic cytokines (ITAC). Increased aqueous levels of TGF-β and PDGF were recorded in early stages of PEX production as the first step of fibrotic tissue reparation. A previous study indicates the elevated level of TGF-β in patients with PEX with no effect on PEX production stage. 10 Furthermore, TGF-β can activate fibroblasts to settle in the tissue and to activate their further proliferation and differentiation by PDGF. 5 During the late stage of XFS development, PDGF level is high and the process of activation of fibroblasts is continued by amplifying fibroblast proliferation and differentiation. Generalized chronic inflammation with consequently fibrosis process is controlled and maintained by increased levels of PDGF, EGF, and IL-8 in circulation (sera levels) which results in this complex process in the eye. High levels of profibrotic cytokines in the sera influence their levels in aqueous humor by maintaining their local action. Regulatory cytokines can activate fibrous fiber production and accumulation in the eye. Increased aqueous humor levels of TGF-β and PDGF activate fibrous tissue production in early stage of XFS with prolonged effect of PDGF (late stage of XFS) and fibrous production (XFG stage) is finally dominantly controlled by EGF and IGF. Thus, fibrous tissue production is amplified. Koliakos et al have reported elevated levels of some growth factors. 11 Local chronic inflammation maintains fibrous tissue production process. EGF and IL-8 are responsible for maintaining fibrous tissue production, 12-14 so they are locally increased in the eye in the next phase of disease development-XFG. Our study indicated elevated IL-8 aqueous level in XFG. We can presume that IL-17 can promote local synthesis of IL-8 in the tissue. 15 IL-17 makes changes in IL-8 expression in human fibroblasts. The level of IL-8 produced by fibroblasts was increased by the rise in IL-17 concentration. 16 Our results, from earlier study for the levels of proinflammatory cytokines indicated the elevated level of IL-17 in aqueous humor. 15 We showed the increased level of TGF-β in aqueous humor at the early stage of XFS. TGF-β enhances production of CTGF. 17 CTGF increases local synthesis of EGF and IGF. 18 CTGF level is increased in the patients with PEX, which was recorded in some earlier studies. 5, 6 Additionally, PDGF can promote IGF synthesis and their higher level and activation are maintained in the circulation. 19, 20 Fibroblast proliferation can Fig. 3 Correlations between regulatory cytokines in XFS/XFG. In the group of regulatory cytokines, we found a strong positive correlation between: serum levels of IGF in patients with developed XFG and patients with the early stage of XFS (A); serum levels and humor levels of ITAC in patients with XFG (B); EGF levels in serum of patients with early stages of XFS and IGF serum levels of patients with XFG (C); and serum levels of TGF-β of patients with XFG with serum levels of PDGF in patients with XFG (D), **p<0.001. PDGF, platelet-derived growth factor; TGF-β, transforming growth factor beta; XFG, pseudoexfoliation glaucoma; XFS, pseudoexfoliation syndrome.
Original Article. (2019) 82:12 J Chin Med Assoc be controlled by EGF and myofibroblast differentiation can be controlled by IGF. 18 Our investigation indicates elevated levels of EGF, IL-8 in XFG in humor aqueous, while IGF was detected only in sera of the patients with XFG. According to our results no IGF local action was recorded throughout the early and late stage, but we recorded its action in the sera through all phases of the PEX development with increased action in the final phase, XFG. These results can indicate that in the final process of the XFG development IGF is the main profibrotic cytokine with an important action in the final phase. It promotes a great differentiation of fibroblasts and maintains the process of fibrous tissue production. We can observe the effects of these cytokines in the process of PEX deposition in the eye through levels and correlation. We established a positive correlation between the serum levels of the IGF in patients with the early stage of XFS and developed XFG, and a positive correlation between serum levels of EGF in patients with the early stages of XFS and serum levels IGF of the patients with XFG. Additionally, we showed low levels of TGF-β and PDGF in humor aqueous and serum and a positive correlation between serum levels of TGF-β and PDGF of the patients with XFG. The analysis of correlation test results leads to the conclusion that the main action of profibrotic cytokines (TGF-β, PDGF) is in the early phase of XFS and it is followed by an intensive action of other regulatory cytokines (EGF, IGF) in the next step of the disease development (XFG). Increased levels in the tissue are probably maintained by their action in the serum in the late stage of XFS and their increased levels were preserved during the glaucoma phase. During a chronic injury, endothelial cells enter a process of vasculogenesis (de novo blood vessel formation) and angiogenesis (new capillary branches from existing blood vessels). 21 Angiogenesis can be controlled by several angiogenesis factors including VEGF, FGF, TGF-β, PDGF, 22 and other cytokines (IL-8 etc.) and chemokines with similar roles. 19, 23 Our investigation Fig. 4 XFG stage. PDGF activates EGF and IGF synthesis, which promotes proliferation and differentiation of fibroblasts. IL-17 acts on fibroblasts to secrete IL-8, but its action can be restrained by the action of ITAC. Final result of this process is PEX production and accumulation in the tissue without vasculogenesis and angiogenesis. PDGF, platelet-derived growth factor; PEX, pseudoexfoliation; XFG, pseudoexfoliation glaucoma.
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J Chin Med Assoc signified elevated levels of TGF-β, PDGF in humor aqueous of the patients in the early stage of XFS; and elevated levels of IL-8 in the serum and humor aqueous of patients with developed XFG. However, there is no clear evidence about new vessels in the eye with XFS/XFG. Thus, some factors which restrain angiogenesis must exist. Earlier studies indicated that there is no significant increase of the levels of some antiangiogenetic factors. 6 In our study, we measured humor aqueous and serum levels of ITAC, which indicated elevated levels in humor aqueous and serum of the patients with developed XFG. ITAC overrides angiogenetic effects of IL-8 in XFG stage. We also affirmed positive correlations between serum levels and humor levels of ITAC in patients with XFG. These results indicate that the final step in fibrous tissue production with angiogenesis is prevented by increased secretion of ITAC in the body. The final result is fibrous tissue deposition with no new vessels in the body and in the eye (Fig. 4 ). According to our findings, the local conditions (oxidative stress) triggers chronic inflammation activation in the eye accompanied by the secretion of different profibrotic cytokines (TGF-β, PDGF, EGF, IGF, and IL-8). Activated tissue fibroblasts are main contributors in fibrous tissue production. Accumulated PEX material in all parts of the eye and decreased blood flow cause XFG development without vasculogenesis and angiogenesis due to the increased level of ITAC (humor aqueous and sera) in XFG.
